Epidemiological associations suggest populations consuming substantial amounts of dietary soy exhibit a lower risk of prostate cancer. A 20-week randomized, phase II, cross-over trial was conducted in 32 men with asymptomatic prostate cancer. The crossover involved 8 weeks each of soy-bread and soy-almond bread. The primary objective was to investigate isoflavone bioavailability and metabolite profile. Secondary objectives include safety, compliance and assessment of biomarkers linked to prostate carcinogenesis. Two distinct soy breads were formulated to deliver ~60 mg aglycone equivalents of isoflavones/day. The isoflavones were present as aglycones (~78% as aglycones,) in the soy-almond bread (SAB) while in the standard soy bread (SB) predominantly as glucosides (18% total isoflavones as aglycones). Compliance to SB (97% ± 4%) and SAB (92% ± 18%) was excellent, toxicity was rare and limited to grade I gastrointestinal complaints. Pharmacokinetic studies between SB and SAB showed modest differences. Peak serum concentration time (T max ) was significantly faster with SAB meal compared with SB in some isoflavonoids and AUC 0 to 24 hr of dihydrodaidzein and Odesmethylangolensin was significantly greater after a SB meal. An exploratory cluster analysis was used to identify four isoflavone metabolizing phenotypes. Insulin-like growth factor binding protein increased significantly by 41% (p=0.024) with soy intervention. Findings from this study provide the necessary framework to study isoflavone metabolizing phenotypes as a strategy for identification of individuals that might benefit or show resistance to cancer preventive strategies using dietary soy. A standardized soy bread used for future large-scale randomized clinical trials to impact human prostate carcinogenesis is feasible.
Introduction
The impact of soy consumption on health has been frequently evaluated in both pre-clinical and human studies, yielding provocative results (1) . One area of particular interest for applying a soy intervention is in the setting of prostate cancer. Initial epidemiologic observations suggested that populations consuming substantial amounts of dietary soy have a lower risk of prostate cancer (2) . It is thought that the impact of soy on health or disease processes may be due to the nature of the soy protein fraction, or the unique array of non-nutrients referred to collectively as bioactive phytochemicals. Phytochemicals of interest include isoflavones, protease inhibitors, inositol hexaphosphate (phytic acid), lignans, phytosterols, and saponins (3) . Isoflavones have been studied and demonstrate anti-prostate cancer activity in vitro (4) and in rodent studies of carcinogenesis (5) and tumorigenesis (6) . Potential mechanisms of action for soy isoflavones suggest multiple targets in prostate cancer cells that impact growth control and sensitivity to apoptosis. For example, the inhibition of IGF-I associated tyrosine protein kinase activity (4) or processes related to testosterone and androgen receptor activity (7) , two of the most critical hormones involved in prostate development, function, and cancer. The tumor-host interaction may also be targeted via modulating angiogenesis (8) , inflammation or immune surveillance (9) .
Epidemiologic and laboratory studies have stimulated human intervention studies with soy components to impact various biomarkers or physiologic processes relevant to prostate cancer. Several small studies are beginning to provide insight into bioactivity (10, 11) . However, the largest human intervention study completed thus far, a study of biochemical failure in 177 post-prostatectomy patients, with randomization to a soy protein powdered drink ( aglycone equivalents of isoflavones per day for ~2 years) or similar product derived from the milk protein casein showed no impact on risk of biochemical (prostate specific antigen) progression (12) . We propose that soy will more likely impact earlier events in prostate carcinogenesis and that metabolism of soy, perhaps via host genetics and/or the microbiome may be a key cofactor.
Soy isoflavone absorption is thought to occur by passive absorption of the aglycones in the small intestine. However, debate continues regarding the bioavailability of isoflavone aglycones compared to their glucosides (13, 14, 15, 16, 17) . Studies suggest isoflavones administered in their glucoside forms (predominant in native soybeans) have greater (14) , lesser (13, 16) , or no difference in absorption as compared to their aglycone forms (15) . Thus, understanding isoflavone bioavailability and postprandial pharmacokinetics remains an important question in soy literature.
Adding to the complexity in elucidation biological impact of soy isoflavones, numerous metabolites of soy isoflavones can be formed in the human gut depending on the commensal bacteria in the large intestine (18, 19) . Several factors influence the bacterial ecology of an individual's colon including: genetics (20) , gender (21, 22, 23) , biological entrapment of isoflavones (24) , diet composition (25) , food matrix (21, 23, 26) , and daidzein degrading phenotype (25) . The ability of an individual to produce certain isoflavone metabolites may be important to derive the health benefits from soy consumption (14) . The metabolite equol has been of interest because it has selective estrogen receptor modulator activities in vitro (14) .
Similarly ODMA, another metabolite of daidzein, as well as equol, suppress prostate cancer growth in cell culture (27) . Since there are several isoflavone metabolites in urine and plasma, a multi-faceted biological effect is possible. However, few studies have attempted to characterize isoflavone metabolism phenotypes by simultaneously analyzing several metabolites. These profiles could be used to identify individuals most likely to derive benefit from soy consumption.
This study characterizes the absorption and bioavailability of isoflavones from novel, chemically standardized soy (SB) and soy-almond bread (SAB) products. We propose that this is a critical step in defining an optimal and relevant delivery system for the evaluation of soy in human studies. We also hypothesize that bread with greater quantities of bioavailable isoflavones may improve isoflavone absorption and distribution. This may be particularly true for the majority (~60%) of the Western population who appear less capable of metabolizing daidzein conjugates to equol (14, 18) . In the present study, we tested bread products in men previously treated for clinically localized prostate cancer but are now experiencing asymptomatic biochemical (PSA failure) recurrence, with no evidence of disease on standard staging studies.
This study with standardized food products will also define possibly relevant patterns of absorption and metabolism within a potential target population for future longer term intervention studies.
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Materials and Methods
Preparation and isoflavone quantification of standardized soy and soy-almond bread
The standardization and production of soy breads used for this study are detailed in Supplemental Methods S1.
Participants
Study participants were enrolled from the Genitourinary Oncology Clinics at The Ohio State University Medical Center. Men had histologically documented prostate adenocarcinoma with a minimum of two increases in PSA after primary therapy or during active surveillance. Men were asymptomatic with no changes in hormone therapy planned for 5 months. Men were excluded if they had an active malignancy (other than prostate cancer) requiring medical therapy; abnormal kidney or liver function; active digestive illnesses or malabsorptive disorders, metabolic disorders requiring special diet modifications; endocrine disorders requiring hormone administration; known allergy to almonds, wheat, or soy; did not wish to discontinue dietary supplement use, or recent antibiotic use (< 6 months prior to enrollment). All participants were regularly followed by a Medical Oncologist and would be suspended from participation if disease progression required more aggressive medical care. The study protocol was approved by The 
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study was preceded with a 2 week washout (legume-free diet) and intervention commenced with a 24-hour pharmacokinetic study, which was then followed by an 8-week intervention with one of the two study breads. After completion of the first arm, participants then had crossed over to the alternate bread ( Figure 1A) . A 2 week washout period is typical of feeding trials with soy isoflavone intervention (23) . For each of the two pharmacokinetic studies (collected on day 0 and 70), fasted participants arrived at the research center, had an indwelling venous catheter placed and consumed one slice of study bread. Blood was collected immediately before (0 hr) and then at 2, 3, 4, 5, 6, 8, 10, and 12 hours after consumption of the test meal, Figure 1B . Men were sent home after 12 hours and returned 24 hours after the test meal for a blood draw. The test meal consisted of either two slices of SB (167 ± 2 g) or SAB (167±1 g) with water. The two slices of SB provided 404 kcal, while the SAB provided 420 kcal, Supplemental Table S2 . Participants received legume-free meals while in the research unit and they were instructed to follow a legume-free diet for the duration of the study. During each 8-week intervention period, men were instructed to supplement their diet with 2 slices of study bread and document consumption in a journal. Frozen loaves of bread were distributed at each study visit with thawing instructions.
Condiments were permitted on the bread, but heating was discouraged. Additional blood draws and 24 hour urine collections were completed at days 0, 28, 56, 70, 98, and 126. Men completed a 3 day diet record during each intervention period. All men were also provided a standardized multivitamin/mineral supplement (One Daily Multiple Plus Minerals, CVS Caremark, Woonsocket, RI) and asked to discontinue all other nutritional supplements for the duration of the study.
Chemicals.
Cancer Research. The Intra-assay %CV for lipids and biomarkers were < 2.31% and the inter-assay %CV was <2.35%.
Calculations and Statistical Analysis. Isoflavonoid absorption in plasma during the 24hr pharmacokinetic study was assessed using maximum concentration (C max ), time to maximum concentration (T max ), and area under the curve (AUC 0 to 24hr ) using trapezoidal approximation.
Statistical analysis was conducted using SPSS version 19.0 software (IBM, Chicago, IL) and Stata v10.1 (StataCorp LP, College Station, TX). Descriptive analysis were used to determine mean ± SD for food samples and mean ± SE for clinical data, laboratory data, dietary intake of soy breads, and isoflavonoids in biological samples. Independent-t-test determined significant differences in isoflavone composition between SB and SAB. For all analyses, p values ≤ 0.05 were considered significant. A repeated measures analysis of variance was used to assess differences due to treatment, period, and time in plasma and urine isoflavonoids. If significant effects (p ≤ 0.05) were found, then Tukey's post hoc analysis was performed. An exploratory cluster analysis was performed using a hierarchical agglomerative technique employing Euclidean distances to identify clusters of daidzein metabolizing phenotypes. Due to variation in the total amount of daidzein metabolites across patients, proportions were used in the clustering to identify relative contributions of the constituents. Additionally, the intra-class correlation coefficient (ICC) was used to evaluate the consistency of the daidzein metabolites over time. 
Results
Standardized SB and SAB have respectively high glycoside and high aglycone forms of isoflavones
The isoflavone composition in the starting soy mix used for both breads was virtually the same (p>0.80), Figure 2A . As predicted, due to the presence of glucosidase activity from almonds, the bread making process transformed the chemical composition of the isoflavones to be significantly different between SB and SAB yet the total isoflavone content was preserved, Figure 2B . Isoflavones in one slice of SB was 34.9 ± 6.0 mg AE of isoflavones (18% aglycones) and SAB was 34.7 ± 4.8 mg AE isoflavones (78% aglycones).The isoflavone composition and content was found to remain be stable through 2 years of storage (-25°C).
Participant Adherence.
Of the 32 men (52 to 84 years old) enrolled in this study, 25 completed all study activities, detailed demographics in Supplemental Table S3 . Three men withdrew from the study due to undisclosed personal reasons, four men required more aggressive prostate cancer therapy, and one man was diagnosed with a second malignancy requiring therapy. Of the seven men who withdrew from the study, four completed all visits through day 70. Adherence to legumerestricted diet and interventions was excellent (SB = 97 ± 4% and SAB = 92 ± 19%), Supplemental Table S3 . Isoflavonoid excretion in 24 hour urine collections were used to verify adherence to the legume-free diet and soy bread interventions. A significant increase (p ≤ 0.001) in total isoflavonoid excretion was observed in urine on days 28 (24.83 ± 2.00 mg/24 hr), 56 
Isoflavone pharmacokinetics after SB and SAB meals show modest differences
Independent of bread type, parent isoflavones (daidzein, genistein, and glycitein) were first detected in plasma at 2 hours after test meals, Supplemental Figure S4 . Isoflavone metabolites, dihydrodaidzein and dihydrogenistein, were observed in plasma starting at 3 hours, and microbial metabolites of daidzein, ODMA and equol, were observed in plasma starting at 4 hours after the test meal, Supplemental Figure S4 . The time to reach peak serum concentration (T max ) of daidzein, dihydrodaidzein, genistein, and 6'OH-ODMA was significantly more rapid (p≤0.05) following the meal with SAB compared to the SB meal, Supplemental Figure S4 . Moreover, peak absorption (C max ) of genistein (p=0.025) was significantly higher after a SAB meal compared to SB whereas peak absorption and accumulation (AUC 0 to 24 hr ) of ODMA (p=0.011) and DHD (p=0.044) was significantly higher after a SB meal compared to SAB, Supplemental Figure S4 .
Cluster analysis used to explore individual variability and isoflavone metabolizing phenotypes
An exploratory cluster analysis was used to characterize isoflavone metabolizing phenotypes in Isoflavonoids from plasma were stratified using the same four clusters generated from the urine isoflavonoid profiles. The plasma isoflavonoid profiles generated from 24 hour AUC showed a similar pattern to that profiled from 24 hour urine, 14 concentrations in 9 hours, whereas clusters 2 and 3 began to peak at 24 hours, thus contributing to cluster 4 having the greatest AUC (4.04 ± 1.28 μmol/24hr•L) for equol.
SB and SAB intervention was safe with minimal side effects
Using standard National Cancer Institute CTCAE version 4.0, mild (Grade I) gastrointestinal side effects were the most common adverse event in this study. Ten men (40%) complained of bloating and four men (16%) complained of diarrhea while consuming SB or SAB, Supplemental TableS3. The diarrhea resolved when men abstained from consuming study breads, and in all cases men elected to resume consuming soy breads after symptoms resolved. Although bloating returned for some men, mild gastrointestinal symptoms improved by the second treatment period. No toxicity greater than grade 1 was observed. Over the course of this study, a significant decrease in BMI and weight (p < 0.001) was observed. When stratified by bread intervention, weight loss predominantly occurred during the SAB intervention period (2.5 ± 0.3 kg) compared to the SB (0.5 ± 0.7 kg) (p=0.011) intervention, Supplemental Table S3. Chemistry, liver enzymes, and complete blood count were not affected by dietary intervention.
PSA was monitored during this 20 week intervention, Table 1 . Although not a primary outcome in this small study, we observed a threefold prolongation in PSADT during the soy intervention period, Table 1 leading to a leveling of PSADT, Supplemental Figure S5 . Cholesterol (total, HDL, and LDL) and triglycerides were not significantly impacted over the entire 20 week study, Table 1 . However, among men who were hypercholesterolemic at enrollment and who were not on cholesterol lowering agents (n = 7), a significant decrease (p = 0.026) in total cholesterol (day 0, 229 ± 10 mg/dL and day 126, 207 ± 7 mg/dL) and LDL cholesterol (day 0, 150 ± 9 mg/dL and day 126, 132 ± 9 mg/dL) was observed between Day 0 and Day 126. A significant increase in insulin-like growth factor-binding protein 3 (IGFBP3) was observed in our cohort of men, and a significant decrease in pro-inflammatory cytokines which is detailed in a parallel publication (30) .
DISCUSSION
Future studies testing relevant hypotheses regarding the biological impact of soy in the human diet will be most informative if fully characterized, convenient, and tasteful food products are employed that provide phytochemical exposures similar to that observed in many Asian populations. To this end, we successfully created two soy breads containing a diverse array of bioactive phytochemicals at concentrations typically observed in Asian diets. We also demonstrate that food processing techniques can be utilized to rationally design foods with altered isoflavone chemistry to favor absorption and subsequently, may enhance their bioactivity (31) . The two breads tested in this study have complementary compositions of isoflavones, one rich in aglycone forms (SAB) and the other rich in glycoside forms (SB) of isoflavones (32) .
Most critically, this study demonstrates that characterizing an investigational food product, both chemically and with in vivo pharmacokinetic and safety data, should be a key step towards defining a relevant agent for human intervention trials for cancer, other disease outcomes, and health.
Our study carefully documents the impact of food matrix on isoflavone metabolism, a concept previously addressed in a few studies using liquid and solid forms of soy foods (21, meal. In that study, the T max of daidzein and genistein from soymilk was significantly faster compared to TVP and tempeh yet no significant differences in daidzein and genistein T max was observed between the two solid matrices (TVP and tempeh) (21) . In our previous study and in Franke and colleagues, isoflavone metabolites in urine were significantly greater with either soy bread (23) or soy nuts (26) compared to a soy-based beverage intervention. Furthermore, aglycone composition is reported to impact isoflavone pharmacokinetics. Aglycone composition among soy foods varies widely, ranging from 12% in soy bars (26) to 50% in tempeh (21) and among the few studies which have engineered high aglycone foods for the purpose of investigating isoflavone bioavailability (15, 16, 17) none have used a food matrix such as bread.
Okabe and colleagues report fermented miso (91% aglycone) had significantly faster rates of daidzein, genistein, and equol absorption compared to non-fermented soy (13% aglycone) while the non-fermented soy showed a higher peak absorbance of equol (17) . Otherwise identical, the two breads used in this study demonstrated that strategic manipulation of the isoflavone forms will impact the initial absorption of the isoflavone aglycone and affect the transit of parent isoflavones to the lower bowel that brings the colonic microbiota into the dynamic process, adding to the complexity of soy bioactive metabolism and ultimate biological impact.
Few studies have examined single meal pharmacokinetics of isoflavones and metabolites from soy foods. We observed that the absorption of isoflavonoids in plasma displayed a biphasic pharmacokinetic curve which is consistent with earlier reports (15, 16, 17) . This pattern may be related to enterohepatic recycling of the isoflavonoids (33, 34) subsequent second meal on metabolism of components from the earlier test meal (35) . Previous studies investigating the bioavailability of isoflavones (aglycones compared to glycosides) using miso soup (17) or soy milk (16) reported peak absorption occurred in the first hour in aglyconerich products compared to 5 hours with a glycoside-rich food. In our study, a similar biphasic peak pattern was observed however peak absorption occurred after the lunch meal (~5 hours) in both breads with modest differences in peak absorption of isoflavonoids from SAB being only 1 to 3 hours faster than SB. Similar to early studies peak absorption of microbial metabolites was significantly higher in metabolites after SB compared to SAB meal. These modest differences in isoflavonoid absorption resulting after the two different soy bread meals demonstrate that aglycones are readily absorbed in the small intestines. Thus, intestinal beta glucosidase and lactase phlorizin hydrolase activity appear to be proficient in liberating isoflavone aglycones for absorption. Standardized breads used in our clinical trial can in the future be tailored to favor absorption of isoflavone aglycones or metabolites to enhance health outcomes.
A number of soy isoflavone metabolites can be formed by the intestinal microbiota, a variable that is only beginning to be understood. Different proportions of isoflavone metabolites constitute the metabolic phenotype and most likely impacts downstream biological responses.
Daidzein can be metabolized in sequence to DHD to equol or ODMA (36) . Similarly, genistein has been reported to be metabolized into dihydrogenistein and 6'-hydroxy-Odesmethylangolensin (19, 36) . Previous studies suggest that isoflavone metabolites such as equol may have greater antioxidant activity (37) and may be more estrogenic (38) 
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present study, unlike earlier studies of isoflavone absorption, is the inclusion of a comprehensive investigation of plasma and urine isoflavone metabolites (DHD, DHG, ODMA, equol, and 6'OH-ODMA) over a 24 hour period.
Early studies have characterized and defined daidzein metabolizing phenotypes either by those who produce equol (14) or those who produce ODMA (19) or by their rate of isoflavonoid degradation (25) . Moreover, previous studies (39) have identified bacteria responsible for O-DMA production is distinct from those that produce equol (40, 41) . In our cohort of men, cluster analysis was used to elucidate similarities and differences among individuals who produced daidzein and genistein metabolites. Using this approach, we discovered that among equol producers (cluster 3 and 4) there are individuals who produce relatively high levels of ODMA and those who produce low amounts. Moreover, we observed a cluster (cluster 1) which did not produce terminal metabolites of daidzein (equol or ODMA) yet they had the highest level of genistein in plasma and urine. Additionally, over the 20 week investigation, we observed a high intraclass correlation (equol 91%, ODMA 83%, daidzein 89%) in these isoflavone metabolizing phenotypes which align with previous studies suggesting a high concordance (>80%) over time in Americans (42) and Japanese (43) . Distinguishing these isoflavonoid metabolizing clusters may help to explain inter-individual differences and assist in identifying those individuals that might be more or less responsive to soy intervention which has important implications for designing future cancer prevention trials.
Of the many purported benefits of soy, the most well-established benefit is lowering blood cholesterol, which is mostly attributed to soy protein, and which forms the basis for an 
CONCLUSION
In conclusion, food technology can be utilized to produce fully characterized food products to assess dietary hypotheses in cancer. We produced two soy bread products that can be easily incorporated into the diet of men consuming a typical Western diet on a daily basis. We have achieved a dose of soy phytochemicals in two slices of bread per day that will mimic typical soy intake in Asian populations. This study documents the adherence, safety, and bioavailability of isoflavones from two fully characterized soy-bread products; data that is essential to enhance our understanding of potential mechanisms where soy breads may impact biological processes.
Evaluation of plasma isoflavonoids and isoflavonoids in urine suggests that differences between the aglycone and glycoside composition in the soy breads had a modest impact on the overall rate of isoflavonoid absorption. This study is the first to provide a comprehensive approach to characterizing isoflavonoid phenotypes using both plasma pharmacokinetics and urine steady states. We have identified four isoflavone metabolite producing phenotypes. Strategies to identify metabolic phenotypes of soy isoflavone intervention are critical to help decipher heterogeneity in biological responses among individuals in clinical studies The tremendous collaborative effort invested in standardizing soy breads for clinical trials have produced two novel soy foods with defined isoflavone profiles and optimized palatability that will serve as an excellent source of soy isoflavones for future large-scale cancer prevention trials. 
